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An Accelerator System for Neutron Radiography* 
Brian Rusnak, James Hall 

Lawrence Livermore National kboratov, Livermore, CA 94550 

Abstract. The field of x-ray radiography is well established for doing non-destructive evaluation of a vast ar- 
ray of components, assemblies, and objects. While x-rays excel in many radiography applications, their effeo 
tiveness diminishes rapidly if the objects of interest are surrounded by thidc, highdensity materials that 
strongly attenuate photons. Due to the differences in interaction mechanisms, neutron radiography is highly ef- 
fective in imaging details inside such objects. To obtain a high intensity neutron source suitable for neutron 
imaging a 9- MeV linear accelerator is being evaluated for putting a deuteron beam into a high-pressure deu- 
terium gas cell. As a windowless aperture is needed to transport the beam into the gas cell, a low-emittance is 
needed to minimize losses along the high-energy beam transport (HEBT) and the end statim A description of 
the HEBT, the transport optics into the &as cell, and the requirements for the linac will be presented. 

INTRODUCTION 
The concept of using 10-15 MeV neutrons 

to image heavily-shielded, low-2 (atomic num- 
ber) objects has been demonstrated [I]. In order 
to significantly inaease the resolution and de- 
crease the imaging time for neutron radiography, 
a neutron source with an intensity in excess of 
1 0 ' ~  n/sec is required. 

Present-day techniques for accelerator- 
driven neutron generation that use thii metal 
windows to separate a pressurized deuterium gas 
cell fiom the accelerator vacuum are limited in 
how much beam intensity can be delivered to the 
gas due to window heating, thus typically lhi t -  
ing the overall intensity of the neutron source to 

Recent development efforts at Brookhaven 
National Laboratory (BNL) and Massachusetts 
Institute of Technology (MIT) [2] have advanced 
two "windowless aperture" systems to the point 
where they provide attractive alternatives to 
metal windows for pressurized gas cell applica- 
tions and are enabling technologies for going to 
much higher deuteron beam intensities. 

Utilizing this capability, an effort is under- 
way at Lawrence Livermore National Laboratory 
(LLNL) to develop an integrated high-energy 
beam transport (HEBT) and end station design 
that will be used to specify the beam require- 

-1O'l dsec. 

ments for a high-intensity deuteron particle ac- 
celerator intended for neutron radiography. 

Two primary constraints exist in transport- 
ing the particle beam to the gas cell. The first, 
and more important constraint is the beam must 
be focused into a narrow channel in the high- 
pressure deuterium gas cell so maximum resolu- 
tion can be achieved by the imaging system. The 
second constraint concerns minimizing unneces- 
sary induced and operational radioactivity in the 
overall machine. While the radiation fi-om the 
pressurized gas cell will be large, if it is localized 
in only the gas cell, it is more easily shielded and 
controlled To satisfy this constraint, the beam 
needs to be transported to the gas cell with 
minimal beam loss in the accelerator and the 
HEBT. 

DIFFERENTIAL PUMPING AND 
PRESSURIZED GAS CELL 

The present approach is to use a plasma 
porthole to isolate the 2-3 atmospheres of deute- 
rium gas in the gas cell ftom the accelerator vao 
uum. Testing at h4IT has shown that a plasma 
porthole running with argon can effectively plug 
a 5 mm diameter channel so a IO4 Torr vacuum 
can be maintained while holding over 2 atmos- 
pheres of argon in the gas cell 125 mm away [3]. 
To reduce the gas load to the accelerator M e r ,  

* Work performed under the auspices of US Department of Energy by Lawrence Livermore National L a b  
ratory under contract W-7405-Eng-48. 
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a series of three apertures tubes from 5 to 8 mm 
in diameter and 1 15 mm long each provide con- 
ductance-isolation between pumpout cbambers 
in the Werentid pumping section. The combi- 
nation of the small diameters of the gas cell and 
the aperture tubes with an overall longitudinal 
spacing of over 800 mm means the incoming 
particle beam must be of f ic ien t ly  low emit- 
tance to be able to be focused through the chan- 
nel. By using the aperture system in combination 
with the plasma porthole, we anticipate having a 
vacuum on the order of Torr in the HEBT. 
Figure 1 shows the design concept of the end 
station that was used to develop the accelerator 
beam requirements. 

Constrzurung the beam emittance so it can be 
cleanly transported through the aperture system 
allows us to use a rotating aperture gas cell de- 
sign as a backup technology for isolating the 
high pressure gas from the accelerator vacuum. 
In a rotating aperture system, the beam holes 
must be as small as possible, and high levels of 
beam loss can adversely affect the lifetime of the 
rotating aperture system. 

BEAM STOP 
After the deuteron beam passes through the 

gas cell, it needs to be stopped in such a way that 
the spatial distriiution of neutrons generated in 
the gas cell is minimally irnpactd Conventional 
approaches for stopping a 9-MeV, 100-300 pA 
averagecurrent deuteron beam would involve 
impinging the beam eithex on a rotating disk, or 
on a thin watercooled metal target that is sloped 
to decrease the power density. Both of these a p  
proaches require signiiicant h a r d m  be placed 
in the flight path of the neutrons that were gener- 
ated in the gas cell which would adversely af€ect 
the distniution of the neutron beam. 

We propose an alternative beam stop ap- 
proach that should be simple, inexpensive, and 
cause minimal disruption to the neutron beam. 
The idea is to put a high-Z high-pressure gas 
behind the deuterium gas cell and use a parallel- 
flow, pressure-balauced intefice that would 
allow the deuteron beam to go into the high-2 

ing, as shown in Figure 1. This approach allows 
the deuterium gas cell to be of a short length, 
which is needed for high resolution by keeping 
the interaction region small, and it helps keep the 
neutrons more nearly monoenergetic as there is a 
small energy spread imparted on the beam as it 
goes through the deuterium gas cell. 

g a ~  a d  be stopped t h e  With limited g a ~  mix- 

By using a high-2 stopping gas, cleaning 
crosscontaminant gases from the other stream 
would rely on the properties of the respective 
gases, i.e., deuterium in the high-Z gas could be 
removed by gettering, where high-Z atoms in the 
deuterium could be removed by cqo-trapping. 
The 1-3 kW of average beam power would be 
removed by a heat exchanger in the high-Z gas 
recirculation loop. 

FTG7JR.E 1. End station drawing tbat includes the 
differential pumping section, plasma porthole, pres 
surized &as cell and beam stop umcept. 

END STATION ACCEPTANCE 
The three apeaures in the differential 

pumping section and the aperture of the plasma 
porthole, combined with the small beam channel 
needed in the gas cell, place a signiscant con- 
straint on the beam emittance from the accelera- 
tor for this system. 

To generate a maximum acceptable emit- 
tance value for the end station, the procedure was 
to g e n a e  x-x’ and y-y’ acceptaoce parallelo- 
grams based purely on the length, spacing, and 
diameter of the apemm in the reference design 
Using basic trigonometry, acceptance parallelo- 
grams can be determined both for the geometric 
acceptance to just transport the beam through the 
apertures and for the acceptance needed to geo- 
metrically put the beam through a thin (1.5 mm 



! 

dmmeter) channel in the gas cell. Clearly, the 
beam channel acceptance is more stringent and is 
what needs to be met to achieve the desired 
resolution for the radiography system. The beam 
channel acceptance as an area in phase space can 
be determined by: 

where rql is the radius of the entrance aperture, 
rv is the radius of the beam spot in the channeI, 
&, is the lenm of the spot in the channel, and L 
is the distance from the first aperture to the be- 
ginning of the beam channel. 

While this expression gives the area for the 
channel acceptance in x and y phase spaces, it is 
not entirely useful as a particle beam distribution 
rarely looks like a parallelogram in phase space. 
To obtain the maximum elliptical area (%) that 
corresponds to the acceptance parallelogram, it is 
observed that 

?r a0 _ _  
4 3 4  
- _  

for all angles of rotation of the largest ellipse that 
can be enclosed within a parallelogram. Apply- 
ing this gives an expression for the maxjmum 
elliptical area that can come from the accelerator 
and still make the desired spot size without 
scraping the beam on the transport elements: 

Both areas are in mm-mrad if the variables are 
input as mm. Figure 2 shows a plot of the ac- 
ceptance parallelogram and the maximum elliph- 
cal area. The plot applies for both x-x' and y-y' 
since the aperhues are found 

The maximum elliptical area calculated in th is  
way is an approximation since the plasma port- 
hole will have some effect on the beam, but an 
esthate of the lens &ex3 due to the plasma 
shows it is less than 5% 

FIGURE 2. Plot showing the beam channel accep 
tance parallelogram and the maximum elliptical a~ea 
that can be used to achieve the desired beam channel 
size in the gas cell. The x axis is mm and the y is 
mrad. 

BEAM FROM AN ACCELERATOR 
To this point, the beam spot-size acceptance 

has been expmsed as the largest elliptical area 
that can be enclosed by the aaxptance parallelo- 
gram that comes from the beam channel geome- 
try. To relate this to an actual accelerator beam 
emittance, comparisons will be made between 
the elliptical area (cq) divided by n, 
and the muomah& . 5*RMSemittancehm 
the accelerator, which contains at least 92% of 
the density for a Gaussian beam. To cleanly 
transport the beam through the end station, 

As shown in Figure 3, the longer the beam chan- 
nel is in the gas cell, the tighter the beam emit- 
tance for the accelerator needs to be. The present 
gas cell design would have a 40 nun long beam 
channel. 

Conveniently, the transport code TRkE3D 
works in UIlIlOrmalized 5-RMS emittances, and 
allows straightforwad assessments of potential 
accelerator designs, at least where ready output 
beam emittance simulations or data are available. 
Utilizing output parameters that were generated 
by PARMILA for a recent linac sooping study 
141, TRA(JE3D was used to design a HEBT, 



FIGURE 3. The maximum unn- 5-RMS 
beam emittance values needed to obtain 1.5 mm dim 
beam channels of different lengths in the gas cell. Plot 
is for an end station 775 mm long, with and entrance 
aperture radius of rq14 mm, and a beam channel 
radiusofr,=l.Smm. 

comprised of a magnetic quadmplole and a 
quadruplole triplet, to transport the beam to the 
end station Then, the envelop for a beam having 
an emittance less than 3.5 mm-nuad was evalu- 
ated along the transport line and compared to the 
ape- in the HEBT and the end station for a 
good beam transport tune that met the beam 
channel focusing requirement. The resulting 
plot, shown in Figure 4, shows the 5-RMS beam 
envelop as it is transported from the accelerator 
to the gas cell. From this plot, it is clear that a 
beam of d c i e n t  quality to meet the beam 
channel requkment is readily transported 
through the HEBT and the end station. 

CONCLUSION 
To use a particle accelerator for intense 

neutron radiography, a sigaificant beamquality 
constraint is encountered in focusing the beam 
down to a very tight beam channel in the high 
pressure deuterium gas cell where the neutrons 
are generated. For the 40 mm reference design 
gas cell, the maximum emittance allowable for 
high-resolution radiography is less than 3.3 mm- 
m r i t d p  . 5-RMS. 
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FIGURE 4. A plot showing the 5-RMS beam en- 
velop in x and y as the beam moves down the HEBT 
into the end station and the gas cell where the beam 
channel requirement needs to be met The average 
aperture tobeamRMS ratios are 7.94 in x and 4.47 in 
Y. 
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